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I n t r o d u c t i o n .  The e e r t h ' s  magnetic f i e l d  is demonstrated 

m o s t  s imply  by t h e  f o r c e s  e x e r t e d  on a compass needle .  The  

f irst  man t o  a p p r e c i a t e  t h e  g l o b a l  c h a r a c t e r  of the.geomag- 

n e t i c  f i e l d  seeme t o  have been William G i l b e r t .  H e  d e t e r -  

mined t h a t  t h e  magnetic f o r c e s  a r e  guided from w i t h i n  't e 

e a r t h ,  and d e s c r i b e d  h i s  exper iments  i n  a t r ea t i s e  "De: , i !  a g n e t e "  

pub l i shed  i n  1600. * By observ ing  t h e  magnet ic  forces in t h e  
\ 

v i c i n i t y  of a s p h e r i c a l  l o d e s t o n e  and comparing them wi th  what 

was known of--the e a r t h ' s  f i e l d ,  he  concluded t h a t  t h e  e a r t h  

i t s e l f  is a g r e a t  magnet. A smal l  b a r  magnet (magnet ic  d i p o l e )  

# -- - - 

of a p p r o p r i a t e  s t r e n g t h  placed a t  t h e  c e n t e r  of t h e  e a r t h  

would have t h e  same e x t e r n a l  f i e l d  a s  a uni formly  magnetized 

. sphe re .  Every schoolboy h a s  mapped a d i p o l e  ' f i e l d  by spr ink-  

ling iron f i l i n g s  i n  t h e  v i c i n i t y  of a b a r  magnet. About 90 

p e r  c e n t  of the-main 'geomagnetic f i e l d  can b e  r e p r e s e n t e d  by j - -  - _  _ _  
--- 

a s h o r t  ea r th -cen te red  d i p o l e  i n c l i n e d  at an  a n g l e  of abou t  
I 

I 
I 

' t  ' 

. .  

.. 
11.So t o  t h e  a x i s  of r o t a t i o n .  

Although t h e  compass was used i n  n a v i g a t i o n  d u r i n g  t h e  

f i f t e e n t h  cen tu ry ,  t h e  ' e a r l i e s t  measurements of t h e  d e v i a t i o n  11 

' 3  I I  I j 

of t h e  compass from t r u e  n o r t h  w e r e  n o t  made u n t i l  t h e  f irst  

h a l f  of t h e  s i x t e e n t h  c e n t u r y ,  The first world c h a r t  of t h e  

v a r i a t i o n  of compass d i r e c t i o n  ( d e c l i n a t i o n )  wae c o n s t r u c t e d  

by Hal ley  in 1701, V i t h  t h e  knowledge that it would soon b e ,  
- 

obsolete 
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The e a r t h ' s  magnetic f i e l d  is ever changing and i t e  

v a r i a t i o n s  a r e  recorded cont inuous ly  a t  magnet ic  observ- 

atories over t h e  globo. Nonmagnetic s h i p s ,  a i r o r a f t ,  

r o c k e t s  and now e a r t h  s a t e l l i t e s  c o n t r i b u t e  t h e i r  geomag- 

c h a r t s  a r e  c u r r e n t l y  r ev i sed  eve ry  f i v e  o r  t e n  y e a r s  t p  

n e t i c  measurements t o  complete t h e  d e s c r i p t i o n .  

. )  moni tor  t h e  s e c u l a r  changes a r i s i n g  from f l u i d  

g e n e r a t i n g  electric c u r r e n t s  w i t h i n  t h e  molten conduct ing  

core of t h e  e a r t h  ( s e e  volume 5 f o r  dynamo t h e o r y  of t h e  

o r i g i n  of e a r t h ' s  magnetic f i e l d )  . 
vey h a s  been undertaken du r ing  t h e  y e a r s  1964-1965 a n i  w i l l  

A World Magnetic Sur- 
>.. 

l e a d  t o  improved wor.ld magnetic c h a r t s  f o r  t h e  epoch 1965.0. 

T h i s  p r o j e c t  c o n t i n u e s  t h e  h i g h e s t  t r a d i t i o n s  of i n t e r n a -  

t i o n a l  s c i e n t i f i c  coopera t ion  e s t a b l i s h e d  d u r i n g  t h e  IGY. 

- Measurementg. In order t o  measure t h e  v e c t o r  geomagnetic 
\ .  

f i e l d  i n t e n s i t y  it is necessary  t o  de te rmine  a set  of t h r e e  

independent  q u a n t i t i e s .  Sur face  o b s e r v a t o r i e s  u s u a l l y  meas- 

u r e  t h e  h o r i z o n t a l  i n t e n s i t y  H, t h e  v e r t i c a l  i n t e n s i t y  2 and 

\ \ t h e  magnet ic  d e c l i n a t i o n  D. With t h e  i n t r o d u c t i o n  of extreme- - _  
---__ 

ly a c c u r a t e  p recesa ion  magnetometers t o  measure t h e  magnitude 

of t h e  t o t a l  f i e l d  B, t h e  q u a n t i t i e s  determined a r e  o f t e n  B, 

D and t h e  d i p  a n g l e  o r  i n c l i n a t i o n  I.. It i s  sometimes con- 

v e n i e n t .  t o  use t h e  set  given by t h e  n o r t h  component X = H cos D, 

t h e  e a s t  component Y p H s i n  D, and t h e . v e r t i c a 1  component 

2 H t a n  I, where B 2 2 
X 2  + Y2 + zi 

b 
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- 
F i g u r e s  1 to 5 a r e  r e p r o d u c t i o n s  of world magnetic 

? 

c h a r t s  of t h e  s u r f a c e  f i e l d  d e s c r i b i n g  D, H, 2, B, and I 

r e s p e c t i v e l y ,  The epoch and source  are g iven  f o r  each iso- 

m a g n e t i c  c h a r t  The isomagnet ic  l i n e s  of d e c l i n a t i o n  a r e  

c a l l e d  i sogon ic  l i n e s ,  and t h e  z e r o  i s o g o n i c  l i n e ,  a l o n g  

which t h e  compass p o i n t s  t o  geographic  n o r t h ,  is t h e  agon ic  

l i n e .  For t h e  f i e l d  i n t e n s i t y  components t h e  l i n e s  a r e  

c a l l e d  isodynaniic l i n e s ,  and on t h e  i n c l i n a t i o n  c h a r t  t h e  

-- - 

l i n e s  are  i s o c l i n i c  l i n e s .  T h e  s e c u l a r  v a r i a t i o n ,  which a- 

mounts t o  about  0.1 p e r  c e n t  of t h e  t o t a l  f i e l d  p e r  year ,  

can b e  found on world i s o p o r i c  maps prepared  by t h e  U.S. 

Navy Hydrographic Office i n  t h e  1700 series. 
I 

Recent e v a l u a t i o n s  of t h e  main geomagnetic f i e l d  (Cain 

e t  al.,  1965) have succeeded i n  r educ ing  t h e  errors i n  t h e  

f i e l d  d e s c r i p t i o n  to a f r a c t i o n  of 1% i n  r e g i o n s  of good 

d a t a  coverage.  ' H i g h  s p e e d  computers a r e  h a n d l i n g  t h e  d a t a  

d i r e c t l y ,  t h u s  e l i m i n a t i n g  t h e  e r r o r s  t h a t  may appear  in t h e  

c o n s t r u c t i o n  of i n t e r m e d i a t e  c h a r t s .  S u r f a c e  anomal ies  on 

t h e  o r d e r  of-a-100 km- in e x t e n t  do n o t  appear  on t h e  c h a r t s ,  

b u t  a t  t i m e s  may b e  a few p e r  c e n t  o f  t h e  t o t a l  f i e l d .  

F o r t u n a t e l y ,  t h e  effects of t h e s e  magnet ic  s o u r c e s  i n  t h e  

e & r t h ' s  c r u s t  d i sappea r  r a p i d l y  wi th  a l t i t u d e ,  and p r e s e n t  

no problem i n  d e s c r i b i n g  t h e  geomagnetic f i e l d  i n  space .  

D i D o l e  Field. The first approximation of t h e  geomagnetic 

f i e l d  g i v e n ' b y  a uniformly magnetized sphere is e q u i v a l e n t  

t ; ~  a ' cen tered  d i p o l e  a l i g n e d  p a r a l l e l  to the magnet ic  axis.  

I 

i-_ - -- 

--__ - 
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I n  F igu re  6 l e t  t h e  magnetic a x i s  b e  NS where N is  t h e  n o r t h  

geomagnetic p o l e  and S t h e  sou th  geomagnetic po le ,  t h e  r a d i u s  

of t h e  sphe re  is  a ,  t h e  magnetic c o l a t i t u d e  is 8 ,  t h e n  a t  a 

d i s t a n c e  r from t h e  e a r t h ' s  c e n t e r  t h e  magnet ic  p o t e n t i a l  

V= -Mc0s0/~2 where M is t h e  magnetic rnom&nt. The i n t e n s i t y  

B of t h e  f i e l d  is g iven  by B= -grad V , The inward r a d i a l  

component of t h e  f i e l d  is Z ~ y p  b V  = 2Mco 8 -9- and t h e  component 

p e r p e n d i c u l a r  *Q r, i n  t h e  d i r e c t i o n  of  d e c r e a s i n g  8 is  

i 0 , There fo re  B = (H2+Z2)i = ' -y c + 3 c 0 s 2 e ~  8 
3 =- r 

2 
ti r a g  
and s i n c e  a t  t h e  s u r f a c e . o f  t h e  sphe re  a t  t h e  e q u a t o r  M a Bo, 

1 
t h i s  y i e l d s  B = Bo ($-)3 c;+3 c ~ s 2 e ]  3 

and tan I = 5 
b e  t h e  'same a t  a l l  p o i n t s  a l o n g  t h e  r a d i u s  OP. 

e q u a t o r  is t h e  d i p  isoline 1% for t h e  c e n t e r e d  d i p o l e  f i e l d ,  

2 ode 8 . The d i p  in a d i p o l e  f i e l d  is s e e n  to 

T h e  geomagnetic 

. T h e  observed cu rve  I+ for t h e  a c t u a l  main f i e l d  is t h e  maq- 
-. n e t i c  equa to r .  The p o l a r  equa t ion  of a d i p o l e  l i n e  of force 

is r = c s i n  'Q, where c is t h e  d i s t a n c e  a t  which t h e  l i n e  

c r o s s e s  t h e  e q u a t o r i a l  p lane .  C l e a r l y  a f i e l d  l i n e  t h a t  is 

a t  t h e  s u r f a c e  a t  0 = 30 c r o s s e s  t h e  e q u a t o r i a l  p l a n e  at 4 
0 

e a r t h  r a d i i  f r o m  t h e  c e n t e r  ( s e e  F i g u r e  6) .  

SDher i ca l  harmonic a n a l v s i g  The f i rs t  s ' phe r i ca l  harmonic 

a n a l y s i s  of t h e  main f i e l d  was made by Gauss i n  1838. S e v e r a l .  

i n v e s t i g a t o r s  u s i n g  improved d a t a  and va ry ing  numbers of co- 

e f f i c i e n t s  have cont inued  t h e  w o r k .  The e a r l y  s t u d i e s  a re  

d i s c u s s e d - i n  Chapman and B a r t e l s  (1940) . Refe rences  t o  t h e  

,.ecent work of Vest ine ,  Finch and Leaton, and Cain may be 

faund i n  Cain e t  al. (1965). 

- 

I 

, 
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With t h e  assumptions of i n t e r n a l  o r i g i n  of t h e  main 

magnet ic  f i e l d  and n e g l i g i b l e  e l ec t r i c  c u r r e n t s  w i t h i n  t h e  

magnetosphere,  L a p l a c e ' s  equat ion v V=O is s a t i s f i e d  and 

t h e  magnet ic  f i e l d  is d e r i v a b l e  f r o m  a magnetic p o t e n t i a l  

of t h e  f.orm 

2 

! 

3' m 

n n 
v a 5 f (9) cos m X  + h s i n  Pn(cose)  

n= l  m-0 

where 0 and 3 a r e  h e r e  t h e  geographic  c o l a t i t u d e  and e a s t  

l o n g i t u d e ,  q( cose )  are t h e  Schmidt normalized a s s o c i a t e d  

Legendre polynomials  of degree n and o r d e r  m and g: and 

h: a r e  t h e  Gauss c o e f f i c i e n t s  determined from t h e  s u r f a c e  
I 

-_ magnet ic  d a t a .  The p o t e n t i a l  f u n c t i o n  is n o t  a measured 
2 

q u a n t i t y ,  but t h e  g r a d i e n t  of t h e  p o t e n t i a l  f u n c t i o n  g i v e s  

t h e  magnet ic  f i e l d  components t h a t  are  observed  a t  t h e  

e a r t h ' s  s u r f a c e :  - 

I n  r e c e n t  yea r s ,  t h e  most widely used c o e f f i c i e n t s  have 

been t h o s e  de r ived  by F inch  and Leaton, however t h e  coeffi-  

T h i s  is t h e  ear%ln-centered d i p o l e  i n c l i n e d  a t  a n  a n g l e  of 1 1 . 5 O  
; - - - - -  
1 - _  - 

I 
f c 

- _  i 
~ 

c i e n t s  of Cain and c o l l a b o r a t o r s ,  determined by f i t t i n g  t h e  

measured d a t a  r a t h e r  t han  t h e  d a t a  r e a d  from magnet ic  c h a r t s ,  

- 

a r e  l i k e l y  t o  b e  used more e x t e n s i v e l y  i n  t h e  f u t u r e .  

The first approximation of t h e  ea r th ' s  magnet ic  f i e l d  

a s  a d i p o l e  can  be r ep resen ted  mathemat ica l ly  by  t a k i n g  t e r m s  

i n  t h e  p o t e n t i a l  f u n c t i o n  w i t h  ri=l ( 3  Gauss c o e f f i c i e n t s ) .  
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t o  t h e  a x i s  or" r o t a t i o n .  

i n g  t h e  s u r f a c e  of t h e  'earth d e f i n e s  t h e  geomagnetic p o l e s  

The a x i s  of t h e  d i p o l e  i n t e r s e c t -  

and consequent ly  t h e  geomagnetic c o o r d i n a t e  system F i g u r e  7 

i n d i c a t e s  t h e  geomagnetic c o o r d i n a t e  system superimposed on a 

Merca to r  p r o j e c t i o n  i n  geographic  c o o r d i n a t e s  a f t e r  V e s t i n e .  

- 

The geomagnetic p o l e s  a r e  n o t  t h e  magnet ic  p o l e s  i n d i c a t e d  

on t h e  s u r f a c e  magnetic f i e l d  maps. 

p o l e s ,  which a'pe p o i n t s  on  t h e  s u r f a c e  of  t h e  e a r t h  where  t h e  

The l a t t e r  a r e  t h e  d i p  
I _ .  

magnetic f i e l d  is v e r t i c a l .  The d i p  p o l e s  a r e  n o t  a n t i p o d a l .  

A second approximation t o  t h e  observed geomagnetic f i e l d  

is provided by t a k i n g  t e r m s  through n=2 (8  Gauss c o e f f i c i e n t s )  . 
T h i s  is t h e  eccentr ic  d i p o l e  approximation and is  provided by 

a s u i t a b l e  magnet ic  d i p o l e  p a r a l l e l  t o  t h e  o r i g i n a l  c e n t r a l  

d i p o l e ,  b u t  d i s p l a c e d  from t h e  c e n t e r  of t h e  e a r t h  about  

436 k m  towards  a p o i n t  a t  l a t i t u d e  15.6O N, l o n g i t u d e  150.9" E' 

f o r  epoch 1955. The a x i s  of t h e  e c c e n t r i c  d i p o l e  i n t e r s e c t s  

t h e  e a r t h ' s  suTface a t  p o i n t s  which r e p r e s e n t  a n o t h e r  p a i r  of 

magnet ic  po le s .  The approximate geographic  l o c a t i o n  of t h e  

v a r i o u s  magnet ic  p o l e s  d i scussed  above a r e  shown in Table 1, 

wi th  s o u r c e  and epoqh g iven .  

1 '  

* '  

Table 1 

Geographic L a t i t u d e  and Longitude &f Various Magnetic P o l e s  

Observed F i e l d  

Epoch 1955 
Finch and Leaton(1957) 

Centered d i p o l e '  78.5:N, 291.000E 
(geomagnetic poles) 78.5 S, 111.0 E -  

e c c e n t r i c  d i p o l e  . 81.OzN, 275.3:E Epoch 1955 

- 
) 75*5ON, 259.5OE -* Epoch 1965 c 

(Dip Po le s )  66.5OS, 139.9OE'. ,Watford e t  a1.(1965: 

- - .  .- .-e- _ _ _  
' 

75.0 S, 120.4 -k Parkinson  @n-ea. .  ~ r i 1 9 5 8 )  
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More a c c u r a t e  approximations t o  t h e  observed f i e l d  can 

b e  made by takcing a d d i t i o n a l  terms i n  t h e  p o t e n t i a l  expansion.  

The a n a l y s i s  by Cain e t  al. for t h o  opoch 1965 i n  F i g u r e s  4 

and 5 t a k e s  p o t e n t i a l  t e r m s  through n=7(63 Gauss c o e f f i c i e n t s ) .  

Main f i e l d  above t h e  ear th .  A t  l e a s t  99 per  c e n t  of  t h e  main 

magnet ic  f i e l d  cn t h e  s u r f a c e  of t h e  e a r t h  o r i g i n a t e s  from 

s o u r c e s  w i t h i n  tire eaitcvh. When t h e  magnet ic  f i e l d  i s  known 

a t  a l l  p o i n t s  on a c l o s e d  s u r f a c e  which encompasses t h e  s o u r c e s  

of t h e  f i e l d ,  t h e  f i e l d  is  comple te ly  determined a t  a l l  p o i n t s  

o u t s i d e  t h e  s u r f a c e .  The p o t e n t i a l  of t h e  main f i e l d  g i v e n  

- -  - _  _ _  

above may' b e  expressed  i n  t h e  form 

- 
where 

. 
m 

n n 
cos m A  + hm s i n  m> ) P Tn = (g: (cos0)  m= 

m m 
and gn and hn de te rmine  tile surfr-cc f i e l d .  I n  o r d e r  to compute 

t h e  f i e l d  a t  h e i g h t  h above t h e  e a r t h ,  l e t  al = a+h; t h e n  V may 

b e  w r i t t e n  i n  t h e  convenient  form . 

It is seen  t h a t  t h e  Gauss c o e f f i c i e n t s  of degree  n a r e  d'irnin- 

i s h e d  i n  t h e  a t  h e i g h t  h. Local anomal ies  which 

corrdspond to harmonics of a c o n s i d e r a b l y  h i g h e r  degree t h a n  7 

a r e  t h u s  reduced e f f e c t i v e l y  wi th  e l e v a t i o n .  The i n t e n s i t y  of 



I ,. 
t h e  d i p o l e  f i e l d  and i t s  components d e c r e a s e s  outward a s  

.-  

t h e  cube of t h e  d i s t a n c e  from t h e  c e n t e r  of t h e  e a r t h ,  The 

c o n t r i b u t i o n s  t o  t h e  geomagnetic f i e l d  of harmonic t e r m s  of 
, I  

'n-2, 3 ,  4 ,  5. . . .decrease.outward p r o p o r t i o n a l  to ro4, r - 5  , 
-6 -7 

r , r ......., r e s p e c t i v e l y .  Consequently,  t h e  greater 

the d i s t a n c e  from t h e  ear th ,  t h e  more l i k e  a d i p o l e  is t h e  

permanent f i e l d ;  provided t h a t  c u r r e n t  s h e e t s  and r i n g  

c u r r e n t s  a r e  excluded from c o n s i d e r a t i o n .  It may be  expect-  

ed t h a t  t h e  fit between computed and obserSed v a l u e s  o f  t h e  

permanent f i e l d  w i l l  b e  b e t t e r  a t  a l t i t u d e  t h a n  a t  t h e  su r -  

face,  s i n c e  t h e  u s e  of a l i m i t e d  number of harmonics cannot  

r e p r e s e n t  a c c u r a t e l y  t h e  complex c h a r a c t e r  of t h e  anornalics 

i n  t h e  sur face  f i e l d .  

MametosDhere.  F o r  many y e a r s  t h e  r eg ion  f a r  above t h e  

e a r t h ' s  a tmosphere was thought  t o  b e  a vacuum and conse- 

4 q u e n t l y  t h e  e a r t h ' s  magnetic f i e l d  was thought  t o  ex tend  
. 

outward i n  a comple te ly  p r e d i c t a b l e  f a s h i o n .  However, w i t h  

t h e  o b s e r v a t i o n s  of comet t a i l s  by Btermann, t h e o r e t i c a l  

s t u d i e s  by Chapman,'and t h e  magnetohydrodynamic t h e o r y  of t h e  

s o l a r  plasma f l u x  by P a r k e r  ( s e e  S o l a r  Wind, volume l ) ,  t h e  

permanent presence  of s t reaming c o r p u s c u l a r  r a d i a t i o n  i n  

space  was e s t a b l i s h e d  and v e r i f i e d  by s a t e l l i t e  o b s e r v a t i o n s ,  

The conduct ing  s o l a r '  plasma c o n f i n e s  t h e  geomagnetic f i e l d  

w i t h i n  'a c a v i t y  k n o h  a s  t h e  magnetosphere, hav ing  a boundary 

* I  

- _  

c a l l e d  t h e  magnetopause (see Magnetosphere, volume 1). S i n c e  

t h e  solar plasma is h i g h l y  supe r son ic  i n  t h e  magnetohydro- - -- __ c 
- 1  \ 

-.  . - .  . 
. .  -- _ _ _  ' --------- 

-- 
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dynamic s e n s e  ( v e l o c i t y  h i z h c r  t h a n  t h e  Alfven P v e l o c i t y  i n  - 
t h e  medium), a detached shock wave is produced i n  t h e  medium 

ahead of t h e  boundary. Viscous forces a c t i n g  a l o n g  t h e  

s i d e s  of the magnetopause a r e  l i k e l y  t o  be responsible for 

p u l l i n g  o u t  t h e  magnetic f i e l d  l i n e s  i n to : an  extended geo- 

magnet ic  t a i l  on t h e  n i g h t  s i d e .  .(See F igu re  3 of Geomag- 

n e t i c  Dis turbances ,  volume 1 f o r  view of magnetosphere) .' 
p u i e t  dav geomagnetic yar ia t . ions  _ _  . Examination of magneto- 

grams d u r i n g  geomagnet ical ly  q u i e t  p e r i o d s  w i l l  r e a d i l y  re- 

v e a l  c h a r a c t e r i s t i c  magnetic v a r i a t i o n s  t h a t  proceed accord-  

i n g  t o  l o c a l  s o l a r  t i m e  and  have ampl i tudes  of approximate ly  

20 t o  50 gammas (gam& = iU-5 g a u s s ) .  T h i s  i s  t h e  s o l a r  

q u i e t  day v a r i a t i o n  Sq. However, c a r e f u l  s t a t i s t i c a l  a n a l y s i s  

of t h e  r e c o r d  is necessa ry  t o  r e v e a l  a n o t h e r  much weaker v a r i a -  

t i o n  (L) r e l a t e d  to t h e  l u n a r  day and having a n  ampl i tude  about 

one o r d e r  of magnitude less t h a n  Sq. Analys i s  of both  Sq and L 

r e v e a l  t h a t  abou t  two- th i rds  of t h e  magnetic v a r i a t i o n  is due 

t o  e x t e r n a l  sources ,  and one- th i rd  t o  sources w i t h i n  t h e  e a r t h .  

The i n t e r n a l  c o n t r i b u t i o n  is l i k e l y  produced by e l ec t r i c  cur- 

r e n t s  induced i n  t h e  e a r t h  by  t h e  v a r y i n g  e x t e r n a l  magnet ic  

f i e l d .  

The q u i e t  day s o l a r  v a r i a t i o n  of t h e  h o r i z o n t a l  i n t e n s i t y  

h a s  a n  ampl i tude  t h a t  is g r e a t e r  d u r i n g  t h e  day t h a n  at n i g h t ,  

and changes phase a t  a l a t i t u d e  somewhat below 40°. The am- 

p l i t u d e  of Sq is greater i n  summer t h a n  i n  w i n t e r  and i s  

greater i n  years of sunspot  maximum t h a n  i n  y e a r s  of sunspo t  
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minimum. The l u n a r  d a i l y  magnetic v a r i a t i o n  L a i s o  h a s  a 

g r e a t e r  ampl i tude  d u r i n g  d a y l i g h t  h o u r s  and i n  s u m m e r .  T h e  

' summer t o  win te r  r a t i o  of L (2 .6  to 1) i s  much g r e a t e r  t h a n  

' for Sq. However, L i n c r e a s e s  only  s l i g h t l y  with sunspot  

number, w h i l e  Sq i n c r e a s e s  by about  a f a c t o r  of t w o  from 

y e a r s  of s m a l l  t o  l a r g e  sunspot  number. 

s The n a t u r e  of t h e  ionosphe r i c  c u r r e n t  system t h a t  might 

produce t h e  observed Sq v a r i a t i o n  o r  t h e  observed L v a r i a -  

t i o n  can be computed independent ly  of any t h e o r y  i n d i c a t i n g  

t h e  p r e c i s e  mechanism by which t h e  c u r r e n t  system is pro- 

duced. I l l u s t r a t i o n s  of such c u r r e n t  systems may be s e e n  i n  

Chapman and Bar te l s  (1940) . 
Dvnamo Theorv-Ionosphere. The most widely  h e l d  t h e o r y  t o  ex- 

p l a i n  t h e  o r i g i n  of t h e  ionosphe r i c  c u r r e n t  systems t h a t  

would produce t h e  Sq and I, v a r i a t i o n s  is t h e  dynamo t h e o r y  

\ sugges ted  i n  1882 by  Bal four  S tewar t .  T i d a l  o s c i l l a t i o n s  

i n  t h e  E r e g i o n  of t h e  ionosphere move conduct ing  a > -  across 

t h e  geomagnetic f i e l d  inducing  c u r r e n t s  by dynamo a c t i o n .  

T h e  conduct ing  a i r  is  t h e  a rmature  of t h e  a tmospher ic  dynamo 

and t h e  geomagnetic f i e l d  is t h e  permanent f i e l d  magnet i n  

t h e  analogy.  The observed magnet ic  v a r i a t i o n s  Sq and L a re  

supposed t o  be caused by t h e  magnetic f i e l d s  of t h e s e  iono- 

s p h e r i c  c u r r e n t s  ( o f t e n  c a l l e d  dynamo c u r r e n t s )  

is  f a r ' f r o m  exac-b, %since i n  t h e  presence  of  a magnet ic  f i e l d  

t h e  c o n d u c t i v i t y  of a p a r t i a l l y  i o n i z e d  gas is a n i s t r o p i c  . 
The mathematical  development of t h e  dynamo t h e o r y  is g iven  

I 

The ana logy  

-. 

... . 

I -. --- .. 
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i n  Chapter  23 of Chapman and B a r k e l s  (1940) with r e c e n t  de- 

velopments and references i n  a review by F e j e r  (1964) .  
..--._ 

I 

Two l i n e s  of i n v e s t i g a t i o n  c o n t r i b u t e  s i lppor t ing  evi- 
, 

dence  f o r  t h e  dynamo t h e o r y .  I n  one approach t h e  wind vel-  

o c i t i e s  and t h e  c o n d u c t i v i t i e s  a r e  assumed and t h e  r e s u l t i n g  

c u r r e n t  systems wi th  t h e i r  magnetic v a r i a t i o n s  a r e  c a l c u l a t e d .  

i n  the second approach t h e  observed magnetic v a r i a t i o n s  a r e  

t a k e n  a s  a s t a r t i n g  p o i n t  and wi th  c o n d u c t i v i t y  assumptions; 

-_ 

. .- 

t h e  e l ec t r i c  c u r r e n t  systems and t h e n  t h e  wind v e l o c i t i e s  are 

- 1  c a l c u l a t e d  . The i n t e r n a l  cons i s t ency  of t h e s e  c a l c u l a t i o n s  - .  
lend--broab s u p p o r t  t o  t h e  dynamo t h e o r y .  

Even d u r i n g  magne t i ca l ly  quiet days  t h e  ever -present  

.. s o l a r  wind i n t e r a c t i n g  wi th  t h e  sagne tosphe re  w i l l  i n c r e a s e  

t h e  magnet ic  f i e l d  on t h e  day s i d e  r e l a t i v e  t o  t h e  n i g h t  s i d e .  

The r o t a t i o n  of t h e  e a r t h  under t h i s  p a t t e r n  w i l l  p rovide  t h e  

- 4 ,observer on t h e  ground with a q u i e t  day magnetic v a r i a t i o n  
\ 

-_ - 

r e l a t e d  t o  c u r r e n t s  f lowing  a t  i;he boundary of t h e  magneto- 

sphe re .  I n v e s t i g a t i o n s  a long  these  l i n e s  a r e  a lmost  non- 

e x i s t e n t ,  and c u r r e n t  e x p l a n a t i o n s  for t h e  q u i e t  day magnet lc  

v a r i a t i o n  look toward t h e  ionosphere  and t h e  dynamo t h e o r y .  

Some r e l a t i o n s h i p s  of t h e  R e o m a c n e t i c  f i e l d .  1) I n  associ- 

a t i o n  wi th  a c t i v i t y  on t h e  sun, enhanced solap plasma i n t e r -  

a c t i n g  wi th  t h e  e a r t h ' s  ma,c;netosphcre causes  geomag-netic 

d i s t u r b a n c e  and a h o s t  of r e l a t e d  phenomena ( s e e  Geomagnetic 

Dis turbances ,  volume 1). 2 )  T h e  e a r t h ' s  magnet ic  f i e l d  a c t s  - _  
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. 
- 

on cosmic r a y s  l i k e  a huge magnctic spec t romete r ,  The' v a r i o u s  

p a r t i c l e s  a r e  s o r t e d  wi th  low energy p a r t i c l e s  r each ing  t h e  

p o l a r  r e g i o n s ,  w h i l e  only h i g h  energy par t ic les  a r e  d e t e c t e d  

n e a r  t h e  equa to r  ( s e e  C o s m i c  Radia t ion ,  volume 1 ) .  J )  Within 

t h e  e a r t h ' s  magnet ic  f i e l d ,  t r a p p e d  e l e c t r o n s  and p r o t o n s  

s p i r a l  a l o n g  t h e  l i n e s  of f o r c e  and d r i f t  around t h e  e a r t h  t o  

p o p u l a t e  t h e  r a d i a t i o n  b e l t s  (see Van ' A l l e n ,  Rad ia t ion  B e l t s ,  

volume . 
.. . -~ - , . -- 

- *  

.. 
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F i g u r e  Capt ions 

F i g u r e  1. World magnetic c h a r t  of t h e  s u r f a c e  f i e l d :  

d e c l i n a t i o n  (D), epoch 1960 

(Geomagnetism and Aeronomy, v o l a  4(1964),  p.602) 
-_ 

F i g u r e  2 .  World magnetic c h a r t  of t h e  s u r f a c e  f i e l d :  

h o r i z o n t a l  i n t e n s i t y  ( H ) ,  epoch 1960 

(Geomagnetipm s n d  Aeror).sny, vo l .  4 (1964), p.603) 

F i g u r e  J.  

F i g u r e  4 .  

Figure  5 .  

Figure 6.  

i 's 
Figure 7. 

World magnetic c h a r t  of the s u r f a c e  f i e l d :  

v e r t i c a l  i n t e n s i t y  ( Z ) ,  epoch 1960 

(Geomegnetiem.and Aeronomy, vol'. 4 (1964), p.604)  

World magnetic c h a r t  of t h e  s u r f a c e  f i e l d :  

t o t a l  i n t e n s i t y  (B) ;  epoch 1965, a f t e r  Cain e t  a l .  

(JGR, v o l .  70 (196S), p.3659) 

World magnetic c h a r t  of t h e  s u r f a c e  f i e l d :  

i n c l i n a t i o n  (I), epoch 1 9 6 5 , ,  a f t e r  Cain 

(JGR, V O ~ .  70 (19651, p.3661) 

e t  al; 

Dipole  F i e l d  

Geomagnetic coord ina te s  (curved l i n e s )  

superimposed on a Mercator p r o j e c t o r  of the 

.krDrld . 
(Handbook of Geophysics, Revised E d i t i o n  1960, p.10-9) 



.. 

Fig. 1 

dnta used were 250 determinations ln Argentina durlng the rlod 1951-1954 [21, 221, 70 detennlw 
tions In  Colombla In 1958 nnd 60 dotermlnations in Mexlco b]. 

Asia. Rcccnt observations of a high accurncy were uscd In Japno and the nearclylng islands 
f o r  1951-1955 a t  more than 1000 statlone [24, 231, In Indln f o r  1957-1958 and in the Phlllpploeefor 
1954-1955 [29] a t  100 stations. We had no new data for  the rcrnainlng terr i tory of Asia. 

Afrlca. New dotcrmlnatlons at 650 statlons wero uscd In North Afdca  [30, 311, ln the Sahara 
[32-361 and In the M n d n p R c n r  a r e a  I401 f o r  1947- 1957. 

Australla. We uscd dctermlnatlona made fram 1927 through 1958 a t  775 statfons 14x1. Their 
dlstrlbutlon over  the terr i tory of Australla Is uneven. Ib onstcrn pnrt 1s covered botter. These 
data supplemented Information on the magnetic fle!d of AuRtrnlfn considerably. In the c a s e  of New 
Zoalnnd we ueed 237 determination8 f o r  the period 1941- 1951 [a]. 

Oceana. The magnetic determinations of thr scientlflc cxpcditlone aboard the schooner- 
were a coneiderable contrlbutlon to the study of thr magnetic field of the oceane. These 0XpedltiODI 
durlng thc period from 1957 through 1961 made n sJrvey in the Atlantic, Indian and Pacific Ocean#, 
covering them wlth a thin but rellable network of nagnotic dc:ermlnatione. The total length of the 
t rack  followed by the Zarya wna approximately 160,000 nautical mlles. The accuracy of determlm- 
tlona of declination was  -0O.5; nccuracy of tho horizontal and vcrtloal componenb was -0.001 08. 

About 250 dctermlnntions of recent yeare  [45, 461 wcrc used f o r  the islands sltuated in the 
Atlantic, Indian and Pnclfic Oceans. 

Arctic. In the Arotlc In mcent yeare  magnetic dctormln~tlone have been made by expedltioni 
on driftlng stations nnd othor high-latitude expoditlono. We used the resulta of these doterminatforU 
f o r  1955-1960. (Ear l lc r  observations on driftlng st2tloas were used when compiling maps of the 
epoch 1955.) T h e m  determlnntiona covdred a conslJcrable part of the mrth polar zone and were tb 
basic dnta for map compllntlon. In addition, obsorvatlonnl data f o r  Spltzbergen f o r  1951-1953 rad 
eariler were ueed 147 J . W e  had-no other data btlseci on ioroiga ob&srr-~ons Z=C! %=refore the 
western eeator of the Arotlc was mapped eolely on the bneis of old vexy modest and inexact data. 

- 
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Fig. 2 

Antarctica. This region, virtually unstudied in  magnetic respects, was supplemented by 
mgnctic observations of very great  importance f o r  compilation of maps. Those obscrvatlons were  
d o  by Soviet antarctic expoditiona on sea and land; in the Indian Ocean ertcrminations wero made 
h r d  tho diesel-electric ship &a in 1956. In the Pacific Ocenn magnetic observations were made 

. h r d  tho dicscl-elcctric s h i p w  in 1957-1958 [48, 491. Those obscrvation8 were made along the 
WL of the vcssels  to Antarctica. Their accuracy was low, but they were useful f o r  such mag- 
bUcrlly unstudied regions. 

Sovlet investigators made determinations along the coast of Antarctica and in the inter ior  of 
S# contlncnt. Although the number of determinations in Antarctica was  nut grea: each reconnais- 
nxe and each determination f o r  that continent is of grea t  value. The f i r s t  t raverse  into the ant- 
crrtlclnterlorwas made by P.K. Scn'ko in 1956 [So]. He followed a route about ?20 km in length 
!nnm Mlrny station to Plonersknya station. In 1957 N.D. hledvcdev made a t raverse  1,400 *hi !n 
'* from tho Pravda Coast to tho earth's South Geomagnetic Polo. Then, in 1958, determlnationa 
WI'B mado along the t raverse  Pioncrskaya - Vostok I - Komsomolskaya - Sovetskaya - Pole of 
~ L U V O  Inaccessability [SI]. In 1959- 1960 determinations were made along tho t raverse  Vostok- 
k b  Goographic Pole, and in 1960-1961 along the t raverse  Mirny - Komsomolskaya - Voetok and 
a Iba arc6 of tho Shackloton nnd West Ico Shelvos. In addition, certain observational data of foro1 
rprdltionrc wore usod. Among those woro a mrvoy of 1957 in the a r e a  of Prinoo Hnrnld Land [62f . 
*trvetlonL of Amoricnn oxpeditionfl of 1951-1956 in tho a r e a  of tho Pa lmer  Peninsula and at 
lICLla Amorica und L l a c  Xmkford statlons, French observatfons in Adelie Land [53] and at the 
hUon8 Chrcot  and h a o u t  D'Urviiie :a 1951-1952 and Australian observatiocs of 1953-1954 at 
h w n  ektion- and to the south of it is.] 
hdpcUon was acoompllehed using world maao d ieoporr of D, H and 2 f o r  the period 19561959 

A11 tho data uaed'ln oosiq!!stton of the mapa w0re roduced to the single epooh 1960. The 
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[60], compiled by the Institute of Terre6:rial Magnetisru, !~nos&ere and m d i o  Wave Propagatia 
The cartographic base f o r  compilation of maps for  foreigr. a r e a s  was a grid a t  a scale  of 

l : l O ,  000,000. The isolines were drawn by interpolation bctwern the value of the magnetic elem. 
at observation stations. 

F o r  tho a r e a  of the USSR we used tho ahovomcotioned m a s c t l c  maps, f i r s t  subJccted to L. 
simplification. 

The principal interval between isolines was n.Gy5 oe for  H, 0.01 oe f o r  2 and lo f o r  D. AI 
a resul t  of the nonuniform magnetic study w l  tlio ear th it is extremely difficult to make an evaluau. 
of the world maps, expecially f o r  areati which include the European part of the USSR, western 
Europe, the-United States, Japan, India, Australia and New Zealand, i t  will be - 0.002 oe for E 



frntiirc of tlic? FPCIiinr r1i:iiigr 

,b in Tdda 4 is tlic lnct tlint, tlic 
ot tlominntc tlic scriw as tioc*s 
iivcn tlioiigli tlicrc nrr fcwcr 
' tcrms dctcrininnblc from thc 
irig wrulnr chnn~q: mnps nrc nt 
/x JW those for thc fir111 itself. 
irific in two of thc  c n i i ~ p n r n t . ~ ,  
in in Figurc 4. ~ I i c  rIinrwt.cristic 
mnp iR tlint tlic rnrtli is nlinost 

; Iwtiicrn positive anti ncjintivc: 
i s  prt tcrn of positiw 2 is cqunIiy 
ccntcrd of n c p t i v c  r l i n n ~ c  otrt-iir 
.' nntl the  positivrx :trc mitrrrtI 
itiitlcs nntl ovrr Asin. Sincc tJir 
.nrcs in  tIic nxijor srt!iilnr c~inngc 1 nllcr flinn t<liosc fnr the cocffi- 

.in ficltl (cf. Tn1)lc 5 ) ,  thc  dctnils 
qlustrntcd nrc cqiinlly Icss likely 

oUicr tnodcls.' To cvnluntc 
oh thc prcsrntly drrivcd sc t  of 
) rcs with othcr models, wc hnvc 1 ntions h t w c c n  the  nvnilablc 
mputcd field componcnb nt tho 
,@ion. Complctc vnlitlation cnn 
qincc it is not  possible to innkc 
rjrgions t h n t  nrc void of tlrltn. 
I tn arc accrucd i t  shoiild always 
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